In order to analysis the impact of harmonic currents on the magnetostriction and electromagnetic force inside power compensation reactors, numerical simulation on a 10kV/30kVar reactor was conducted. The vibration and noise mechanism, and the internal structure of the reactor are analyzed. The 3D model of the reactor for the magnetostriction and electromagnetic force simulation was established. The finite element analysis software COMSOL is employed for the calculation of the magnetic field and electromagnetic force distribution under fundamental and fifth harmonic currents. The impact of fifth harmonic current on the magnetostriction of iron core and electromagnetic force of windings is also analyzed. The simulation results shown that the 5 harmonic current aggravates the magnetostriction and electromagnetic force. The magnetostriction magnitude caused by 64A fifth harmonic is only about 10% of that caused by 165A rated 50Hz fundamental current. But the horizontal component of the electromagnetic force on the center position winding is even larger than that produced by the rated 50Hz fundamental current. This result shows that the fifth harmonic current would significantly increase the winding loose risk of the reactor.
INTRODUCTION
Integrated shunt capacitor and reactor device is reactive power compensation device widely used in the power distribution network. It plays an important role in reducing transmission line loss and improving power quality [1] [2] [3] . The harmonic current is closely relate to the reactance ratio of reactive power compensation device and may cause damage to the distribution grid, including the reactive power compensation device itself, such as aggravating vibration and noise [3] [4] [5] . With the increase of new energy integration and nonlinear power electronic components in the power system, reactive power compensation device vibration and abnormal noise phenomena often occur in distribution networks. Investigations shown that the abnormal noise in reactive power compensation device mainly comes from the reactors. The vibration formation mechanism and noise analysis method of reactors are similar with that of transformers, which had been investigated much more than reactors. The researches in existing literatures on reactor vibration and noise are mainly focused on the noise calculation method and its reduction measures [6] [7] [8] [9] [10] [11] [12] [13] . Reactor noise is mainly caused by vibration of windings and iron core. Vibration of reactor winding and iron core is caused by electromagnetic force and magnetostriction, respectively. Existing researches on vibration reduction and reactors design optimization are based on the normal operating condition with pure power frequency supply [9] [10] [11] [12] [13] [14] . Harmonics often occur in distribution networks. Reactors connected in such networks are often faced with the vibration and noise problem.
_________________________________________
This paper investigates the electromagnetic force and the magnetostriction effect on the winding and iron core of reactor under harmonic environment with simulation method. The simulation was carried out on a 10kV/30kVar reactor. The mechanism of vibration and noise in reactors are analyzed. The multi-physics analysis software COMSOL were employed for the simulation. The inner magnetic field distribution in the reactor, the electromagnetic force on the windings and iron cores were calculated respectively under power frequency and fifth harmonic currents. According to the calculation results, magnetostriction magnitude of the iron core was estimated. At last, the influence of harmonics on the electromagnetic forces and the magnetostriction effect on the reactor were analyzed.
MECHANISM OF REACTOR VIBRATION
The reasons causing vibration inside reactors includes the magnetostriction effect of iron core, the electromagnetic force produced by the opposite inducted magnetic poles of iron core and the Lorentz force of windings.
For ferromagnetic material exposed in magnetic field, magnetic domains rotate along the direction of magnetic field and the volume of magnetic domains change, which caused the magnetostriction phenomenon of iron core. During the reactor operation, the iron-core vibrates periodically with the periodical magnetic field change [7] . The magnitude of the magnetostriction is influenced by many factors such as the material type, thickness, and the flux density, etc. [9, 12] . A brief model of magnetostriction, expressed as formula (1), was employed to calculate the strain of iron-core in this investigation.
Where λ i is the magnetostrictive coefficient in the direction of i; λ s is the magnetostriction constant of the material of silicon steel sheet; M i is the magnetization intensity of the material in the direction of i; and M s is the saturated magnetization intensity of the material.
If the pre-stress exists inside the silicon steel sheet, the directions of magnetic domain and moment are perpendicular to magnetization orientation at the beginning of magnetization. The magnetostrictive model can be simplified as,
Because of the existence of the air gaps, the inductive magnetic pole at adjacent blocks in the iron-core is opposite, leading to mutual attractive electromagnetic force. Electromagnetic force between adjacent blocks could be represented as [14] Due to the leakage flux in the iron-core of the reactor, the windings with current flow in the leakage magnetic field vibrate under the action of axial direction Lorentz force. The Lorentz force applied to the windings could be calculated as
Where i is the current flowing through the windings, A; B is the magnetic induction intensity in windings, T.
In the setting of the simulation model, the current density in a winding is known, the force applied to a winding could be calculated as
SIMULATION OF THE ELECTROMAGNETIC FIELD DISTRIBUTION
The rated capacity, current, reactance of the simulated three phase three-column reactor, as shown in Figure 1 , are 30kVar, 164.96A, and 0.368Ω respectively.
The material parameters in the model were set as shown in Table 1 . The magnetostriction and saturation magnetization constant of the iron core material Q120-30 silicon steel are 6×10 -5 and 1.5×10 6 A/m respectively. The magnetization characteristics curve of silicon steel is shown in Figure 2 .
In order to investigate the influence of harmonic components to the magnetic force and magnetostriction of the reactor, 165A rated current of power frequency were applied and the internal magnetic field distribution and the Lorentz force were solved. Then 64A fifth order harmonic current according to field investigation of harmonics in the reactor current were applied and the solved results were compared with that under power frequency current. 
MAGNETIC FIELD AND ELECTROMAGNETIC FORCE ANALYSIS
Under 165A power frequency current, the maximum magnetic flux density in the iron core is 2.21T. According to Equation (2), the magnetostriction of the core can be calculated. The x, y, and z direction components and the modulus of the magnetization intensity at the iron core are shown in Figure 3 . Since the current flows in the windings around the column of the iron core, the y-direction magnetization intensity is the most intensive, reaches a maximum of 1.7×10 Because of magnetic leakage, current carrying windings is subjected to Lorenz force, which caused the vibration of windings. According to the simulation results, the magnitude of Lorenz force in x and z directions are almost equal. The Lorenz forces in x and y directions are shown in Figure 4 .
The Lorenz force of the winding is the largest in y-direction with its maximum reaching 1. . The distribution of Lorenz force on the windings indicates that the winding trends to vibrate in axial direction. It's necessary to install fixing clamps at both ends of the windings to limit the vibration and deformation of the windings.
According to the investigation of the harmonics in the reactor connected to distribution system, the 5th order harmonic with its amplitude reached 64A is the main component of harmonics flowing into the reactor. When the 5th order harmonic current is applied as the excitation current to windings, magnetization intensity distribution simulation results shows that the magnetization is more significant on the column than on the yoke of the iron core. The magnetization intensity at iron core in y-direction is higher than that in x and z directions. The magnetization intensity in ydirection is shown in Figure 5 .
The maximum magnetization intensity at the iron core reaches up to 6.4×10 The distribution of the Lorentz force in windings under the excitation of 5th harmonic component is shown in Figure 6 . The maximum Lorentz force in x, y and z direction was 400 N/m 3 , 1200 N/m 3 and 400 N/m 3 respectively, about 10% of that caused by the fundamental current.
Numerical distribution of the Lorentz force shows that, different from the results under fundamental current, the Lorentz force caused by fifth harmonic component in y direction was asymmetric between the upper and lower parts of the windings, thus the direction of the total Lorentz force applied on the windings was also different. The vector diagrams of Lorentz force under fundamental and 5th harmonic currents are shown in Figure 7 .
As shown in Figure 7 , the direction of Lorentz force on the two outside windings under fundamental and fifth harmonics are the same, but on the center winding they are different. There is obviously horizontal component in the Lorenz force under fifth harmonic on the center winding, which may cause horizontal direction vibration of the winding.
SUMMARY
The electromagnetic force and magnetostriction of a 10kV/30kVar reactive power compensation reactor under fundamental and 5th order harmonics was numerically simulated. Based on the analysis of the impact of harmonic current on the electromagnetic force and magnetostriction, the following main conclusions are drawn.
(1) The 5th harmonic component could strengthen the vibration of iron core caused by the magnetostrictive effect. Under 64A fifth harmonic current excitation, the magnetostriction of the iron core along the column reached 10% of that under 165A fundamental current.
(2) Under the excitation of power frequency and 5th harmonic currents, the Lorenz force on windings are much stronger at the upper and lower parts near the yoke. Under the 5th harmonic current, the Lorenz force on the winding is also about 10% of that under rated fundamental current.
(3) For the two outside windings, the direction of Lorenz force is the same under fundamental and 5th harmonic currents. For the center winding, there is obviously horizontal component in the Lorenz force under fifth harmonic, which may cause horizontal direction vibration of the winding.
